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Iron is a modifier of the phenotypes of JAK2-mutant
myeloproliferative neoplasms
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KEY PO INT S

• Iron availability alters
the phenotype of MPN
mouse models by
affecting the lineage
bias of bipotent
megakaryocyte-
erythroid progenitors.

• The ferroportin
inhibitor vamifeport
and the minihepcidin
PR73–normalized
hematocrit and
hemoglobin levels in
mouse models of PV.
0

JAK2-V617F mutation causes myeloproliferative neoplasms (MPNs) that can manifest as
polycythemia vera (PV), essential thrombocythemia (ET), or primary myelofibrosis. At
diagnosis, patients with PV already exhibited iron deficiency, whereas patients with ET
had normal iron stores. We examined the influence of iron availability on MPN phenotype
in mice expressing JAK2-V617F and in mice expressing JAK2 with an N542-E543del
mutation in exon 12 (E12). At baseline, on a control diet, all JAK2-mutant mouse models
with a PV-like phenotype displayed iron deficiency, although E12 mice maintained more
iron for augmented erythropoiesis than JAK2-V617F mutant mice. In contrast, JAK2-
V617F mutant mice with an ET-like phenotype had normal iron stores comparable with
that of wild-type (WT) mice. On a low-iron diet, JAK2-mutant mice and WT controls
increased platelet production at the expense of erythrocytes. Mice with a PV phenotype
responded to parenteral iron injections by decreasing platelet counts and further
increasing hemoglobin and hematocrit, whereas no changes were observed in WT con-
trols. Alterations of iron availability primarily affected the premegakaryocyte-erythrocyte
22-017976-m
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progenitors, which constitute the iron-responsive stage of hematopoiesis in JAK2-mutant
mice. The orally administered ferroportin inhibitor vamifeport and the minihepcidin PR73 normalized hematocrit and
hemoglobin levels in JAK2-V617F and E12 mutant mouse models of PV, suggesting that ferroportin inhibitors and
minihepcidins could be used in the treatment for patients with PV.
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Introduction
Myeloproliferative neoplasms (MPNs) are clonal disorders of
hematopoietic stem cells (HSCs) driven by gain-of-function
mutations in JAK2, MPL, or CALR genes.1-7 Additional muta-
tions that modify the course of the disease have also been
described in genes involved in epigenome regulation, DNA
damage response, Ras signaling, and inflammation.8 In patients
withMPN having JAK2-V617Fmutation, the disease canmanifest
as polycythemia vera (PV) with significant expansion of erythro-
poiesis, essential thrombocythemia (ET) with increased produc-
tion of megakaryocytes and platelets, or primary myelofibrosis
with extramedullary hematopoiesis.9,10 In contrast, patients with
MPN having mutations in JAK2 exon 12 (E12) invariably display a
PV phenotype with predominant erythrocytosis.11,12
In healthy individuals, ~80% of circulating iron is consumed for
hemoglobin production, and iron availability strongly affects
erythropoiesis.13 To maintain the high hemoglobin levels in PV,
the iron regulatory peptide hepcidin that inhibits iron absorption
in the gut and recycling from macrophages has to be sup-
pressed.14 This process is partially mediated by erythroferrone,15

which is released from erythroblasts upon stimulation by eryth-
ropoietin (Epo). Erythroferrone inhibits hepcidin expression by
sequestering the bone morphogenetic proteins (BMPs), which
signal to increase hepcidin (HAMP) transcription.16,17 Mobiliza-
tion of iron does not occur equally in all MPNs. Previous data
in MPN animal models showed that hepcidin suppression and
iron acquisition are more effective in mice with JAK2 E12
mutation compared with that in mice with JAK2-V617F muta-
tion.18 Limiting iron availability via phlebotomy is a standard
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therapy to lower hematocrit in low-risk PV.19 Iron deficiency can
promote thrombocytosis.20,21 Reducing iron availability by
exogenous administration of hepcidin mimetics that inhibit the
iron transporter ferroportin is currently being investigated for the
treatment of PV.22,23

Here, we examined the effects of iron restriction and iron
overload on MPN phenotypes in mice with JAK2 mutation. We
also investigated whether the ferroportin inhibitor vamifeport24

and the minihepcidin PR73 can normalize hematocrit and
hemoglobin in mouse models of PV.25

Materials and methods
Patients with MPN
Blood samples and clinical data of patients with MPN were
collected at the Basel University Hospital, Basel, Switzerland.
Blood samples from healthy controls were obtained from the
local blood donation center (Stiftung Blutspendezentrum SRK
beider Basel). The study was approved by the local ethics com-
mittees (Ethik Kommission Beider Basel). Written informed con-
sent was obtained from all patients, in accordance with the
Declaration of Helsinki. The diagnosis of MPN was established
based on theWorldHealthOrganization classification ofmyeloid
neoplasms and acute leukemia.10 Information on the diagnosis
and gene mutations of patients with MPN included in this study
are specified in supplemental Table 1 and supplemental
Methods, which are available on the Blood website. Additional
methods are also described in supplemental Methods.

Mice
We used conditional JAK2-V617F transgenic "flip-flop" (FF1)
mice,26 JAK2 E12 mutant mice (JAK2-N542-E543del),18 and
Jak2-V617F knockin mice,27 which were crossed with
tamoxifen-inducible SclCreER(estrogen receptor) mice.28 The CreER

protein in double-transgenic SclCreER;FF1 mice (FFScl) and
SclCreER;Jak2-V617F knockin mice (Ki) was then activated by
intraperitoneal injection of 2 mg tamoxifen (Sigma-Aldrich) for 5
consecutive days, resulting in a PV phenotype that developed
within ~3 to 4 weeks.27,29 Alternatively, the FF1 transgene was
activated by crossing FFScl with VavCre mice,30 and the result-
ing VavCre;FF1 mice (FFVav) display an ET-like phenotype.26 Ki
and E12 mice were also crossed with the UBC-GFP strain that
express the green fluorescent protein reporter gene in all
hematopoietic lineages.31 All mice used in this study were from
pure C57BL/6N background and were maintained under spe-
cific pathogen-free conditions and in accordance with Swiss
federal regulations.

Low-iron diet and iron injections
The normal mouse diet used in our facility contains 200 mg/kg
iron (Kliba Nafag). To induce iron deficiency, mice were placed
on a low-iron diet (iron content <5mg iron per kg, SAFE, U8958),
or on a control diet supplemented with 200 mg/kg carbonyl-iron
(SAFE, U8959). Additional phlebotomies (200 μL every 2 weeks)
were performed in somemice to accentuate iron deficiency. Iron-
dextran (D8517, Sigma-Aldrich) was injected intraperitoneally
(250 mg/kg per mouse) for iron supplementation.

Inhibitor studies
Vamifeport (CSL Vifor) in 0.5% methylcellulose (Sigma-Aldrich)
was gavaged twice a day at 100 mg/kg.32 PR73 was dissolved in
2128 27 APRIL 2023 | VOLUME 141, NUMBER 17
SL220 (NOF Corp) and injected intraperitoneally at 10 mg/kg
twice per week.33,34 Control mice were injected twice a week
with the solvent SL220 or gavaged twice a day with 0.5%
methylcellulose.

Statistics
We used Student unpaired t test and one- or two-way analysis
of variance with a posttest using Prism software version 8.4.3
(GraphPad Inc). Significance is denoted with asterisks: *P < .05,
**P < .01, ***P < .001, and ****P < .0001.
Results
Iron parameters and cytokine levels in patients
with MPN and in MPN mouse models
We measured iron parameters in patients with MPN with JAK2-
V617F or JAK2 E12 mutations. Samples were taken at diagnosis
before any treatment was initiated (supplemental Table 1;
supplemental Methods). Patients with PV displayed higher JAK2-
V617F variant allele fraction than patients with ET (Figure 1A),
consistent with the presence of a subclone homozygous for JAK2-
V617F,35-37 because of uniparental disomy.38 Serum iron and
transferrin saturation had decreased, and soluble transferrin
receptor had increased in patients with PV compared with patients
with the levels in ET or normal controls, and these alterations were
most pronounced in patients with PV with JAK2 E12 mutations
(Figure 1A). Accordingly, hepcidin and Epo levels had decreased,
and erythroferrone levels increased in patients with PV (Figure 1B).
Thus, patients with PV displayed erythrocytosis and were iron
deficient at diagnosis, before any treatment was initiated.39 In
contrast, most patients with ET with JAK2-V617F had normal iron
parameters at diagnosis, indicating that iron availability was not
limiting their potential to augment erythropoiesis.

To examine the effects of iron on the MPN phenotype, we first
compared blood counts and iron parameters of JAK2-mutantMPN
mousemodels at baseline on a normal diet. We included 3models
with various degrees of PV-like phenotypes (Ki, FFScl, and
E12)18,26,27 and 1 with ET-like phenotype (FFVav).

26 All PV models
showed erythrocytosis and increased platelet count, except E12
mice, whose platelets were decreased. FFVav mice showed throm-
bocytosis with normal red blood cell parameters (Figure 2A). Liver
iron concentration had greatly decreased in Ki mice and moder-
ately decreased in FFScl mice, whereas E12 mice showed only a
nonsignificant trend toward decreased liver iron (Figure 2B). E12
mice also showed lowest levels of serum iron and transferrin satu-
ration, similar to data from patients with PV having JAK2 E12
mutations. Erythroferrone in all PVmicewas elevated, and hepcidin
levels were suppressed, most strongly in Ki and E12. In contrast,
FFVav mice, which displayed thrombocytosis but normal hemoglo-
bin and red blood cell parameters, displayed liver iron, eryth-
roferrone, and hepcidin levels comparable with those in wild-type
(WT) controls (Figure 2B). Purified populations of hematopoietic
stem and progenitor cells (HSPCs) from Ki and E12 mice showed
increased messenger RNA (mRNA) expression of genes favoring
augmented iron supply for erythropoiesis (Figure 2C). In this
respect, E12 mice showed higher expression levels of Erfe, trans-
ferrin receptor (TfR1), and ferroportin in premegakaryocyte-
erythrocyte progenitors (pre-MegEs) compared with Ki mice,
suggesting that the mutant JAK2-E12 has an intrinsically increased
propensity for the erythroid lineage and iron acquisition40 and a
STETKA et al
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Figure 1. Status of iron parameters at the time of diagnosis in the serum of patients with MPN having mutations in JAK2 gene. (A) Iron parameters in the serum of
patients with MPN at the time of diagnosis. (B) Levels of regulatory cytokines involved in iron metabolism measured in the serum of patients with MPN at the time of diagnosis.
All data are presented as mean ± standard error of the mean. Two-way analyses of variance (ANOVAs) with subsequent Tukey test were used for multiple-group comparisons.
*P < .05; **P < .01; ***P < .001; ****P < .0001. NC, normal control; sTfR, soluble transferrin receptor, VAF, variant allele frequency.
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better ability to use iron for erythropoiesis.18 Based on these data,

we selected Ki mice and E12 mice for further studies of iron
metabolism under conditions of iron restriction and iron overload.

Iron deficiency increased thrombopoiesis at the
expense of erythropoiesis
To obtain enough mice for the different treatment groups, we
performed transplantation of WT C57BL/6 recipient mice with
bone marrow (BM) from Ki, E12, or WT mice (Figure 3A;
supplemental Figure 1A). Four weeks after transplantation,
recipient mice were randomized and placed on a low-iron diet,
with or without phlebotomy, or on a control diet (Figure 3A).
Already before start of treatment, Ki and E12 mice displayed
lower body weight (Figure 3B) and nonfasting glucose levels
EFFECTS OF IRON ON MPN PHENOTYPE
than WT controls (supplemental Figure 1B), consistent with the
previously described augmented energy demand of hyperac-
tive erythropoiesis.41 Splenomegaly was reduced by a low-iron
diet with or without phlebotomy in both E12 and Ki mice
(supplemental Figure 2). An inverse correlation with hemoglo-
bin levels was noted in Ki mice (supplemental Figure 2B), sug-
gesting increased removal of erythrocytes via hypersplenism.

Platelet counts and megakaryocyte numbers of WT, E12, and Ki
mice increased on the low-iron diet comparedwith the control diet,
and this increase was further accentuated via additional phlebot-
omy (Figure 3-D). Tpo concentrations in BM and serum were
elevated in E12 mice at baseline and inversely correlated with
platelet and megakaryocyte counts in all genotypes (Figure 3D;
27 APRIL 2023 | VOLUME 141, NUMBER 17 2129
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supplemental Figure 1C-D).GradeofBMreticulinfibrosis increased
in Ki mice on a low-iron diet with phlebotomy (supplemental
Figure 1E), consistent with the role of augmented mega-
karyopoiesis and increased platelet counts in myelofibrosis.42,43

Mice on a low-iron diet also showed the expected decrease in red
blood cell parameters (Figure 3C; supplemental Figure 1F). Anemia
developed in all genotypes on a low-iron diet plus phlebotomies,
most notably in Ki mice, which had to be euthanized prematurely
after 8 weeks because they looked ill. E12 mice on a control diet
reached the highest hemoglobin values, weremore resistant to iron
deficiency, and, after 8 weeks, maintained higher hemoglobin
levels compared with Ki. Mean corpuscular volume (MCV) and
mean corpuscular hemoglobin (MCH) both decreased when the
mice were exposed to a low-iron diet plus phlebotomy, although
these were already very low with a normal diet (Figure 3C). No
significant changes were found in white blood cell counts
(supplemental Figure 1G).

Iron parameters and regulatory cytokines are shown in Figure 3E.
Low-irondiet reduced liver iron inE12 andWTmice,whereas stores
were already exhausted at baseline in Ki mice. Serum iron in E12
mice, already lowwith the control diet, didnotdecrease furtherwith
a low-irondietwith orwithout phlebotomy,whereas serum iron and
transferrin saturation inKimicedecreasedonlywhen theywereona
low-iron diet plus phlebotomy, accompanied by an increase in total
iron binding capacity. As expected for PV, serum Epo levels were
low and suppressed in E12 and Kimice when on a control diet but
increased in response to lowering hemoglobin when on a low-iron
diet with or without phlebotomy. Epo transcription is primarily
regulated by hypoxia-inducible factor 2α (Hif2α), whose activity is
controlled at the protein level by oxygen-dependent prolyl
hydroxylases that initiate posttranslational degradation of HIFα
subunits.44 To estimate the activity of HIF, we assayed the mRNAs
for HIF target genes Vegfa, Igf2, andGlut1 (Slc2a1) and found that
on a low-iron diet plus phlebotomy, their expression had increased
together with EpomRNA (supplemental Figure 3). Erfe and Hamp
expression in WT mice responded to iron deficiency, whereas Ki
and E12 mice showed already maximally increased Erfe and sup-
pressed Hamp expression when on a normal diet and did not
respond further to iron deficiency (Figure 3E). Because Erfe is pro-
duced by erythroid progenitors as a target gene of Epo signaling,
these data suggest that despite low Epo levels, hyperactive Epo
receptor signaling is maintained in erythroid progenitors by the
mutant JAK2. Consistent with the massively increased erythropoi-
esis, BM and spleen cells from E12 mice showed very high cell-
surface expression of TfR1 (TfR1/CD71) even with a normal diet
(Figure 3E; supplemental Figure 1H).18 Overall, iron deficiency
induced a reciprocal increase in platelet counts and decrease in
hemoglobin levels in all genotypes and also resulted in the
expected changes in proteins involved in iron homeostasis.

To determine at what stage of hematopoietic development iron
deficiency influenced erythropoiesis vs thrombopoiesis, we
assessed the frequencies of HSPCs in the BM and spleen
(Figure 4). On a control diet, long-term HSC (LT-HSC) numbers
in the BM were increased in E12 and Ki mice compared with
that those in WT (Figure 4A), and an overall increase in HSPCs
was seen in the spleens from Ki mice compared with those from
WT, reflecting enhanced involvement of the spleen in MPN
hematopoiesis. Low-iron diet with phlebotomy decreased
LT-HSCs in the spleens of Ki mice. Furthermore, an increase in
2132 27 APRIL 2023 | VOLUME 141, NUMBER 17
megakaryocyte progenitors and pre-MegEs was noted in the
spleens of Ki mice, consistent with a shift toward increased
megakaryopoiesis in response to iron deficiency. Analysis of
late erythroid maturation stages revealed an increase in early
precursors (stage II) and a decrease in late precursors (stage IV)
in E12 mice, whereas a general decrease in the numbers of
erythroid precursors was observed in Ki mice on a low-iron diet
plus phlebotomy (Figure 4B). Because pre-MegEs were
reported to respond to iron deficiency, we also assessed the
lineage output of single-cell–sorted pre-MegEs in liquid cul-
tures in vitro (supplemental Figure 4). Pre-MegEs isolated from
the BM of E12 and Ki mice on a low-iron diet showed reduced
erythroid commitment compared with mice on a control diet,
whereas WT mice did not show this bias. Moreover, a slight
increase in megakaryocytic output was found in pre-MegEs
from E12 mice on a low-iron diet. Overall, iron deficiency in
JAK2-mutant MPN mice decreased terminal erythroid matura-
tion and increased megakaryocyte-committed progenitors
mainly in the spleen.

Parenteral iron administration increased
erythropoiesis at the expense of
megakaryopoiesis in mice with JAK2-mutated
MPN
Next, we examined the effects of parenteral iron supplemen-
tation on MPN megakaryopoiesis and erythropoiesis. We again
performed BM transplantations to obtain enough JAK2-mutant
mice for analysis, and injected iron-dextran intraperitoneally
into recipient mice at weeks 1 and 4 after transplantation
(Figure 5A; supplemental Figure 5A). E12 and Ki mice injected
with iron showed weight loss (Figure 5B) were visibly impaired
and had to be euthanized prematurely at 12 and 8 weeks after
transplantation, respectively. Platelet counts and megakaryo-
cyte numbers in the BM decreased by variable degrees in E12
and Ki, whereas no such changes were noted in WT mice
(Figure 5C-D). Conversely, iron-supplemented E12 and Ki mice
developed a stronger PV phenotype than vehicle-treated mice.
Iron injections in Ki mice increased erythrocyte numbers,
whereas in E12 mice, they primarily raised MCV and MCH,
without altering red blood cell counts (Figure 5C). No changes
in red blood cell parameters were observed in WT mice, and
white blood cells did not change after iron injections
(supplemental Figure 5B). The number of megakaryocytes in
the BM decreased after iron injections in Ki and WT mice
(Figure 5D). Consistent with the accentuated PV phenotype,
spleen weight increased after iron injections in Ki and E12 mice
but not in WT controls (Figure 5E). Thus, the decline in the
general condition in E12 and Ki mice correlates with the rapid
increase in erythropoiesis in response to injection of iron and
the more rapid decline in Ki mice is likely because of the more
profound iron deficiency of Ki mice at baseline on a normal diet
(Figure 2).

Liver iron concentration strongly increased upon iron injections
in WT mice, accompanied by an increase in transferrin satura-
tion (Figure 5F). A less pronounced increase in liver iron was
seen in Ki and E12 mice, and serum iron and transferrin satu-
ration decreased in Ki mice, reflecting augmented use due to
massively increased erythropoiesis in these mice. E12 and Ki
mice, also showed persistently high TfR1 (CD71) protein
expression on the surface of BM cells. Despite iron injections,
STETKA et al
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erythroferrone remained very high in E12 and Ki mice, but a
trend toward higher hepcidin in response to iron injections was
noted, consistent with previous data showing that eryth-
roferrone is unable to fully suppress hepcidin when the BMP
pathway is activated by high iron or by deletion of Tmprss6, a
EFFECTS OF IRON ON MPN PHENOTYPE
negative regulator of the BMP signaling.45 Thus, parenteral iron
administration lowered platelets and increased hemoglobin in
E12 and Ki mice, which displayed iron deficiency at baseline,
whereas iron injections had no effect in WT mice with adequate
iron stores before the injections.
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* *

0

20

40

60

80

100

Transferrin saturation (%)

VFe VFe VFe

E

***

WT KiE12
Spleen weight (g)

0

0.5

1.0

V Fe V Fe V Fe

D
Number of Mks in BM

WT KiE12

*

0

5

10

15

20

V Fe V Fe V Fe

**

F Iron parameters and regulatory cytokines

0

1

2

3

4

VFe VFe VFe

Liver iron (μg/mg)

**** **

WT KiE12

*

Erythroferrone (ng/ml)

0.01

0.1

1

10

VFe VFe VFe

WT KiE12

0
10

30
40

20

50

70
60

VFe VFe VFe

Serum iron (μmol/L)
*

Hepcidin (ng/ml)

10

VFe VFe VFe

****
10‘000

1‘000

100

VFe VFe VFe

**

0

1

2

3

4

5

TfR1(CD71) protein in BM
(x fold expression)

TIBC (μmol/L)

0

25

50

75

100

125

VFe VFe VFe

*

Red blood cells (×1012/L) 

4 8 12 16

0

20

10

30

4 8 12 16

0

20

10

30 **

4 8 12 16

0

20

10

30

Hemoglobin (g/L)

4 8 12 16

0

200

100

50

150

250 * *** ***

4 8 12 16

0

200

100

50

150

250 ***

4 8 12 16

0

200

100

50

150

250

C
Platelets (×1012/L) 

WT

4 8 12 16

0

2.0

1.0

0.5

1.5

2.5 ** *

E12

4 8 12 16

0

2.0

1.0

0.5

1.5

2.5 * **

Ki

4 8 12 16

0

2.0

1.0

0.5

1.5

2.5

Complete blood counts

MCV (fL)

4 8 12 16

50

40

60 *** ****

4 8 12 16

50

40

60 * **

4 8 12 16

50

40

60

Weeks after transplantation

MCH (pg)

4 8 12 16

12

10

16

14

* *** *

4 8 12 16

12

10

16

14

* **

4 8 12 16

12

10

16

14

WT

recipient

12 Gy

4 8 12 16

donor iron

transplant
2x106

BM cells 1

A
Schematic drawing of the experimental setup

WT

(250mg/kg i.p.)
iron

Ki

E12
weeks

Complete blood counts

Terminal
analysis at
16 weeks
post Tx

B
Time course of body weight (g)

Vehicle
(V) 

Iron
(Fe)

WT

4 8 12 16
18

20

22

Ki

E12

21

19

Figure 5. Effects of parenteral iron injections on MPN phenotype. (A) Schematic drawing of the experimental setup for BM transplantations and iron injections. (B) Time
course of body weight (n= 6-8 mice per group). (C) Complete blood counts of recipient mice (n = 6-8 mice per group) are shown at the indicated times. (D) Numbers of Mks
per 10 HPFs counted in sternum sections of mice at original magnification ×400; n = 3 mice per genotype and treatment group. (E) Spleen weight at terminal analysis. (F) Iron
parameters and regulatory cytokines at terminal analysis. Note that logarithmic scales are used for iron regulatory cytokines (erythroferrone and hepcidin). Group size was n = 4
to 8 mice per genotype and treatment group. Erythroferrone and hepcidin levels (shown on logarithmic scale) together with total iron binding capacity (TIBC) and transferrin
saturation were determined in serum. All data are presented as mean ± standard error of the mean. Two-way ANOVAs with subsequent Dunnett posttest or Sidak posttest
were used. One-way ANOVA with subsequent Tukey posttest was used to compare spleen weight (D). *P < .05; **P < .01; ***P < .001; ****P < .0001.

2134 27 APRIL 2023 | VOLUME 141, NUMBER 17 STETKA et al

D
ow

nloaded from
 http://ashpublications.net/blood/article-pdf/141/17/2127/2047462/blood_bld-2022-017976-m

ain.pdf by guest on 07 M
ay 2024



D
ow

nloaded from
 http://a
Iron injections did not alter the numbers of LT-HSCs or common
myeloid progenitors (CMPs) in the BM and spleen in any of the
genotypes (Figure 6A). Although LT-HSCs or CMPs were largely
unresponsive to iron injections, we observed changes in the
erythroid and megakaryocytic progenitors. These alterations were
reciprocal to the changes induced by iron deficiency (Figure 3)
and were predominantly noted in the spleen. Detailed analysis of
erythroid maturation (Figure 6B) showed an increase in terminally
differentiated erythroid cells (stage IV) in E12 and Ki mice upon
iron injection, whereas no changes were observed in WT mice.

Collectively, these results show that in PV mouse models, iron
supplementation increased hemoglobin levels at the expense
of platelets production. These changes appear to operate
mainly through the pre-MegE stage, which responded to iron
restriction with an increase in platelet production at the
expense of red blood cells in all models. In contrast, effects of
increased iron supply were only observed in PV models, which,
when on a normal diet at baseline, already displayed some
degree of iron deficiency.
shpublications.net/blood/article-pdf/141/17/2127/2047462/blood_bld-2022-017976-m
ain.pdf by guest on 07 M

ay 2024
The ferroportin Inhibitor vamifeport and the
hepcidin agonist PR73 normalize hemoglobin
levels in 2 PV mouse models
Because irondepletion viaphlebotomy is a standard therapy in low-
risk PV, we examinedwhether iron restriction through the inhibition
of ferroportin-mediated export of cellular iron by vamifeport or the
minihepcidin PR73 could be used to normalize hemoglobin and
hematocrit in mouse models of PV.24,25,46,47 We performed
competitive BM transplantations to obtain cohorts of mice
expressing Jak2-V617F (Ki) or JAK2-E12 (E12) in hematopoietic
cells only (Figure 7A). After 6 weeks, recipient mice were random-
ized into 2 treatment groups and a control group and were then
treated for 6 weeks with vamifeport by gavage (100 mg/kg twice a
day) or with PR73 by intraperitoneal injections (10 mg/kg twice per
week). Treatment was well tolerated and no significant changes in
body weight were observed (Figure 7B). Hemoglobin normalized,
and hematocrit was decreased in E12 and Ki mice treated with
vamifeport and PR73 comparedwith vehicle controls (Figure 7C). In
Kimice, vamifeport loweredMCVandMCH levels butdidnot affect
erythrocyte numbers, whereas PR73 substantially reduced eryth-
rocyte numbers but did not decrease MCH and even slightly
increased MCV after 6 weeks of treatment. Platelet counts
increased inKimice treatedwith vamifeport and, to a lesser degree,
also in E12 andWT mice treated with PR73.

An increase in spleen weight was noted in E12 and Ki mice
treated with PR73 but not in mice treated with vamifeport,
whereas liver weight was not affected by any of the treatments
(Figure 7D). Vamifeport and PR73 increased iron concentration
in the spleen, suggesting increased retention of iron in splenic
macrophages, whereas liver iron concentration was significantly
increased only in Ki mice treated with PR73. As expected,
vamifeport and PR73 lowered serum iron and transferrin satu-
ration in all genotypes (Figure 7E). In line with decreased iron
availability, PR73 in E12 and Ki mice led to increased serum
erythroferrone accompanied by elevated Erfe mRNA expres-
sion in BM erythroid cells, compatible with an increase of
expression on a per cell basis. Vamifeport increased serum
erythroferrone in E12mice only, despite unchanged ErfemRNA
in the BM. This increase of Erfe in serum is likely related to the
EFFECTS OF IRON ON MPN PHENOTYPE
increased numbers of erythroblasts in the spleen of vamifeport-
treated E12 mice (supplemental Figure 6). Hepcidin decreased
in WT mice only, and remained suppressed in E12 and Ki mice.

Overall, vamifeport and PR73 showed similar efficacy to
normalize hemoglobin and hematocrit in our JAK2-mutant
mouse models of PV. Vamifeport showed the expected effects
of blocking the iron exporter ferroportin with decreased MCV
and MCH, whereas PR73 acted primarily by lowering erythro-
cyte numbers without affecting the MCV and MCH.
Discussion
Patients with PV who are untreated as well as JAK2-mutant
mousemodels with a PV-like phenotype on a control diet already
exhibited iron deficiency, whereas patients with ET as well as
JAK2-mutant mice with an ET-like phenotype (FFVav) had normal
iron stores (Figures 1 and 2).39 Low-iron diet with or without
phlebotomy further increased platelet production and resulted
in anemia, even in mice with PV that initially displayed marked
erythrocytosis (Figure 3). In PV models with augmented eryth-
ropoiesis and preexisting low liver iron (in Ki and, to a lesser
extent, in E12 mice), iron injections lowered platelet counts and
further increased hemoglobin production (Figure 5). In contrast,
iron injections had no effect onWTmice, which had normal liver
iron before the injections. These findings are consistent with the
notion that iron overload alone, for example, in hereditary
hemochromatosis, is not associated with erythrocytosis.48 Thus,
the PV phenotype in patients with PV and in PV mouse models
develops while being limited by iron deficiency.

The observed iron deficiency in PV mouse models is caused by
the rapid expansion of erythropoiesis, resulting in a massive
increase in hematocrit and red blood cell numbers. The demand
for iron leads to a decrease in serum iron, transferrin saturation,
and, ultimately, reduced liver iron stores. Although increased
erythroferrone and suppressed hepcidin are expected to
augment intestinal iron resorption, the iron stores did not
normalize over time and remained subnormal in these mice
(Figure 2), despite the fact that the normal diet contains 200 mg/
kg iron, which is in excess of normal iron requirements in mice.
Therefore, we abstained from testing a diet supplemented with
an even higher content of iron, and, instead, we used parenteral
iron injections, which bypass the enteral bottleneck, delivermore
iron in a shorter time, and allow us to examine how iron is
distributed between the different compartments (liver, serum,
and erythropoiesis in the BM and spleen).

Despite an increase in liver iron concentration, serum iron and
transferrin saturation in PV mouse models was not normalized
by iron injections (Figure 5), suggesting that hyperactive
erythropoiesis rapidly consumed the injected iron. Considering
that healthy BM consumes ~80% of circulating iron, hyperactive
erythropoiesis driven by mutant JAK2 in PV is expected to
require substantially more iron.

A number of studies described HSCs with an intrinsic capacity to
commit directly to the megakaryocytic lineage, thereby bypassing
the pre-MegE stage,49-54 estimated to account for ~30% of meg-
akaryopoiesis.54 However, the relative contribution of this shortcut
can be altered under stress or pathological conditions.55,56 HSCs
27 APRIL 2023 | VOLUME 141, NUMBER 17 2135
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withmegakaryocytic bias can be identified by increased expression
of CD41,51,52 or a vWF-GFP reporter gene.50 However, we did not
detect changes in the percentages of the CD41hi subsets of HSCs
or CMPs upon inducing changes in iron availability (data not
shown). In contrast, pre-MegEs and megakaryocyte progenitors
increased under iron deficiency (Figure 4) and decreased after iron
injections (Figure 6). Our data are consistent with the model in
which pre-MegEs inWTmice having acquired iron deficiency, or in
Tmprss6−/− mice having genetic iron deficiency represented the
iron-responsive stage of hematopoietic differentiation.57 Here, we
showed that pre-MegEs were also sensitive to iron deficiency in all
JAK2-mutant MPN models.

The phenotype of E12 mice with marked erythrocytosis and
subnormal platelet counts appears to reflect the preference
of the E12-mutated Jak2 protein for the EpoR over the
TPO-receptor (MPL).40 As a result, erythropoiesis through pre-
MegEs is already massively augmented in E12 mice at base-
line, leading to reduced-iron stores and erythrocytosis at the
expense of platelet production. Normalizing iron through
injections in E12 mice resulted in thrombocytopenia (Figure 5),
suggesting that E12 signaling is unable to stimulate the
LT-HSC/CMP shortcut to megakaryopoiesis. Our findings lead
to a model that integrates the properties of the different mutant
JAK2 and their preference for erythropoiesis vs mega-
karyopoiesis and the influence of iron availability on the
phenotypic expression in the MPN mouse models studied
(supplemental Figure 7).

Finally, we show that reducing the availability of iron for
hematopoiesis by inhibiting ferroportin with vamifeport or the
hepcidin agonist PR73 normalized hematocrit and hemoglobin
levels in E12 and Ki mouse models of PV. The differences
between vamifeport and PR73 in altering MCV and MCH vs
erythrocyte numbers could be because of the differences in the
pharmacokinetics and pharmacodynamics between the 2
compounds. The half-life of vamifeport was only ~2 to 3 hours
when in the rat and sustained hypoferremia for ~4 to 8 hours.24

The minihepcidin M009 (7.5 mg/kg subcutaneously) had a
longer half-life and sustained hypoferremia for >48 to 72 hours
in the rat.47 The half-life of the closely-related minihepcidin
PR73 is expected to be in a similar range as that of M009. It is
therefore conceivable that a more profound inhibition of fer-
roportin by PR73 could transiently generate sufficient iron
restriction to inhibit cell division of erythroid progenitors
resulting in reduced erythrocyte numbers. The current dosage
of vamifeport may not achieve sufficiently profound inhibition of
ferroportin to interfere with cell division, therefore not affecting
erythrocyte numbers. Indeed, in an earlier experiment, vami-
feport 100 mg/kg combined with a reduced-iron diet also
decrease erythrocyte numbers (data not shown). Thus, the
severity and duration of iron restriction could be the main factor
determining whether erythrocyte numbers will be affected.

These results suggest that both agents are suitable candidates
as an alternative to phlebotomy in the treatment of patients
with PV. Indeed, rusfertide, another hepcidin agonist similar to
PR73, showed promise in clinical trials.23
Figure 7 (continued) hepcidin). All data are presented as mean ± standard error of the m
.05; **P < .01; ***P < .001; ****P < .0001.
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